ABSTRACT This paper is concerned with the issue of tracking control design for uncertain switching nonlinear systems with nonlinear parameters under arbitrary switching. With the introduction of a common nonnegative function, the desired adaptive controller is constructed through use of the Backstepping technique. Barbalat's lemma is adopted to analyze the stability and tracking characteristic of the closedloop control system. The feasibility and advantages of the suggested approach in this paper are verified through a design example.
I. INTRODUCTION
Many real-world engineering systems are essentially multimodels and can be modeled by switching systems, for example, a networked system, a robotic system, and a traffic surveillance & control system, etc. A switching system is a compound system, composing of a logical switching law and several subsystems which are represented by differential or difference equations. Over the last twenty years, scholars have investigated the switching systems extensively in view of the fact that the switching systems have been widely used in a large number of application fields, such as the control design of circuit and electricity systems [3] , nearspace aerocraft systems [2] , networked control systems [1] , and so forth. For the past few years, the switching systems have achieved remarkable developments [4] - [13] . For positive switched systems, the authors in [4] - [6] have made use of the multiple-linear-copositive Lyapunov functions approach to tackle the problems of finite-time control and stability. Furthermore, for the switched linear systems, the stability with the average dwell time switching (ADTS) and the one with the mode-dependent ADTS have been separately verified in [5] and in [7] . More specially, Zhang et al. have put forward an elementary-time-unit approach for the problems of switching-delay tolerance and mode-recognition time estimation [8] of switched systems. Taking into the switched Lyapunov function account, a robust fault diagnosis has been implemented for a switched delay system in discrete time context [9] . In addition, the fuzzy output-feedback adaptive control approaches concerning the stability problem have been carried out for a class of uncertain nonlinear switched systems [10] , [11] .
On the one hand, under arbitrary switching and constraint switching, many good results, see [14] - [19] and references therein, have sprung up for switching systems.
As is known to all, when a nonnegative function exists in common for all subsystems, the stability can be proved for switching systems [20] . However, before constructing the common Lyapunov function, different virtual functions have to be formulated for different subsystems. Of course, this is not easy. So it is of special interest to many scholars.
In the past three years, some effective methods [21] - [26] have been proposed to search for these virtual functions. In these methods, the Backstepping technology still is a strong design tool for switching systems. Hence, for the switching systems with no uncertain parameters or linear parameters, some researchers have addressed the adaptive control approaches via Backstepping technique. But for a nonlinearly parameterized systems, the difficulty to construct a controller through the adaptive Backstepping method is aggravated due to the existence of nonlinear parameterization [31] - [33] . It is well known that Lin et al. [28] have come up with a variable separation method (VSM) for high-order nonlinearly parametric systems in 2002. Lately, Lin et al. [29] have extended this approach to the smooth state-feedback stabilization of a planar nonlinear switched system. Nevertheless, to the authors' knowledge, the nonlinearly parameterized uncertain switching systems under arbitrary switching are rarely studied [16] up to now.
On the other hand, for an uncertain switching nonlinear system, most existing adaptive control schemes only can warrant the convergence of the tracking error within a small region of zero [11] - [14] , [22] - [26] , but the size of this neighborhood is unknown. For example, by taking advantage of the technique of dynamic surface control and utilizing the method of average dwell time, a decentralized adaptive neural tracking controller has been designed under arbitrary switching in [22] . Moreover, Li et al. [11] have focused on the problem of convergence domain, which can be resized through the appropriate choice of the design parameters, but this procedure wastes designer's time and energy.
Actually, the tracking accuracy is especially crucial in the controller design of the switching systems for practical applications. In this context, on the basis of the known tracking accuracy, a critical problem is how to design a desirable adaptive controller to make sure that the tracking error could eventually fall into the predefined neighborhood.
Unfortunately, according to the above observations, the tracking control problem with known accuracy has been seldom taken into account for the uncertain nonlinearly parameterized switching systems, which is still challenged. Inspired by the aforementioned discussion, we consider the uncertain nonlinearly parameterized switching systems with the prescribed tracking accuracy. The main contributions are summarized as follows: (1) The VSM is adopted to eliminate the nonlinear parameters and to reparameterize the nonlinearly parameterized functions. (2) By implementing the adaptive Backstepping technique, a novel method is derived to design the tracking controller. (3) A shared Lyapunov function is formulated to insure the tracking performance and the stability of the closed-loop control system.
The rest of this paper is arranged as follows. Section 2 presents the problem description and several lemmas, which are helpful to derive our achievement. Section 3 demonstrates the controller design process in details and concludes the stability result. The availability of the developed strategy is checked out in Section 4. Conclusions are included in Section 5.
II. PROBLEM DESCRIPTION AND PRELIMINARIES
Take the undermentioned nonlinear switching system described by     ξ
where
; y denotes the system output; u denotes the system control input; for any j = 1, 2, · · · , m and l = 1, 2, · · · , n, j,l (ξ j , ν j ) is a known smooth nonlinear function with ν j is an unknown constant parameter; (t) :
The aim of this paper is to derive an adaptive controller, which can assure that the system output (24) follows a reference trajectory y d (t) with a given accuracy > 0, and simultaneously all signals of the closed-loop control system keep bounded with arbitrary switching.
To achieve this purpose, an assumption and five lemmas below are useful for the subsequent theoretical derivation .
Assumption 1: The reference trajectory y d (t) and its time derivatives up to the n-th order are continuous and keep bounded.
Lemma 1 (Barbalat's Lemma) [30] : For a differentiable function f (t), when it has a uniformly continuous first derivative, and at the same time lim t→∞ f (t) is finite, lim t→∞ḟ (t) = 0.
Remark 1: If the derivative of a differential function remains bounded, then this function is said to be uniformly continuous.
Lemma 2 [28] : For any real-valued continuous function g(a, b), there exist four smooth scalar functions r(a) ≥ 1,
Remark 2: This lemma is commonly used for variable separation of complex nonlinear functions in many literatures, e.g. see [16] , [31] - [33] , just to list a few.
The following lemma is extended by Lemma 2, which is adopted to separate the unknown nonlinear parameters from the nonlinearly parameterized functions.
Lemma 3 [28] : If
then there exist two smooth functions η j (θ ) ≥ 1 and
where θ is a constant; and for any j = 1, 2, · · · , m,
φ j (0, · · · 0, θ) = 0; q j (·) and η j (θ ) are a nonnegative continuous function and a constant, respectively. Let := m j=1 η j (θ) be a new unknown constant parameter. Then,
Obviously, ≥ 1.
To achieve the control purpose, the following two switching functions
are introduced, where > 0 is the given accuracy and m is a positive integer.
The undermentioned lemma illustrates the good characteristics of N m (e) and S m (e), which are very useful for the constructing of the Lyapunov functions.
Lemma 4 [30] : Functions N m (e) and S m (e) have the following properties:
(1) N m (e) ∈ C m and S m (e) ∈ C m , where C m is the set of m-th order continuously differentiable functions.
(2) For l = 1, 2, · · · , m, the l-th order derivatives of
(3) N m+1 (e) is a nonnegative function, and when and only when |e| ≤ , N m+1 (e) = 0.
(
The fourth property is proved as follows.
Proof: For |e| ≥ , the following equation can be acquired directly
For |e| ≤ , we have
The proof is completed. Lemma 5 (Young's Inequality) [30] : For ∀(ξ, η) ∈ R 2 , there exists the following inequality
where ν > 0, a > 1, b > 1, and (a − 1)(b − 1) = 1.
III. CONTROLLER DEVELOPMENT AND PERFORMANCE INVESTIGATION
This section is devoted to bring up a Lyapunov function in common for all subsystems with the consideration of the aforementioned two new switched functions and five lemmas. And thus we address a novel adaptive control design strategy to warrant the tracking property and stability of the whole closed-loop control system. Define error variables
where α j−1 (j = 2, 3, · · · , m) are the virtual controllers, which need to be designed subsequently.
Step 1: Introduce the tracking error definition in (2) . Then it follows from the system description of (1)
Select the following Lyapunov function
and then the time derivative of V 1 along the trajectory of (3) is obtained as
Combining the Young's inequality, it is easy to acquire the following inequality
Design the virtual control variable as
where k 1 > 0 is a constant andˆ 1 denotes the estimate of unknown constant 1 . Substituting (7) into (6) gains 
if we choose the following adaptation learning laẇ
where λ 1 > 0 is an adaptive gain.
Step j (2 ≤ j ≤ m − 1): Noticing (1) and (2), the error dynamic of z j is described aṡ
and consider
Subsequently we achieve
Taking the advantage of the Young's inequality, the undermentioned two inequalities can be derived
, and (13) and (14) into (12) yields
, which needs to be estimated. VOLUME 6, 2018 Similar to (7), formulate the ith virtual control as
where k j > 0 is a choosen design parameter andˆ j is the estimate of unknown constant j .
Substituting (16) into (15) results in
and the following adaptation law is giveṅ
with the adaptive gain λ j > 0. Note that
And G j ≤ 0 holds all the time. For |z j | ≤ ( +1), G j ≤ 0 holds obviously. For |z j | > ( +1), combining the Young's inequality, we achieve
Hence, G j ≤ 0 holds all the time. Therefore, we get
Step m:
, m denotes the estimation of unknown constant m , λ m is a positive constant that needs to be chosen.
Akin to the computational process shown in
Step j, the actual control input can be chosen as
The following adaptation law is acquireḋ
3790 VOLUME 6, 2018 Then, noticing (20) with j = m − 1 and combining (21), we obtain
From (23), it is apparent that the Lyapunov function V is nonincreasing, which implies that all signals of the closedloop control system keep bounded. What's more, taking into Lemma 1 account, (23) concludes that |z 1 (t)| ≤ as t → ∞.
This major conclusion can be rewritten as the theorem below.
Theorem 1: With the consideration of Assumption 1, combining the plant (1), the controller (21), the virtual controllers (7) and (16) with the parameters learning laws (10), (19) and (22), it is concluded that a) all signals of the closedloop control system keep bounded, and b) the absolute value of the tracking error is less than a prespecified constant asymptotically, i.e., for a given , |z 1 (t)| ≤ as t → ∞.
IV. NUMERICAL SIMULATION
The availability of the developed control approach is demonstrated through the following numerical simulation.
Take the undermentioned nonlinear switching system
whereξ 2 = [ξ 1 , ξ 2 ] T is the system state vector; u denotes the control input of the system; y denotes the system output; the reference trajectory y d is chosen as y d = sin(t) + 2.
It is obvious that Assumption 1 is satisfied. Here a group of known functions are 1,1 (ξ 1 , ν 1 ) = sin(ξ 1 ν 1 ) + 2,
By adopting Lemmas 2 and 3, the following functions are obtained ϕ 1,1 (ξ 1 ) = |ξ 1 | + 2, ϕ 1,2 (ξ 1 ) = ξ 1 , ϕ 2,1 (ξ 1 ) = 0 and ϕ 2,2 (x 1 ) = |ξ 1 ξ 2 | + 2; 1 (x 1 ) = ((|ξ 1 | + 2) 2 + ξ 2 1 )/2 and 2 (ξ 1 ) = (|ξ 1 ξ 2 | + 2) 2 /2, where j (ξ j ) = 1 2 j l=1 ϕ 2 j,l (ξ j ), (j = 1, 2). According to the addressed control method, the actual and virtual controller are respectively formulated as
and
with the parameter learning lawṡ
where reference trajectory y d . Seeing from Figure 2 , the ultimate tracking error z 1 falls into the range of the prespecified domain with the accuracy 0.02. Figures 3 and 4 illustrate the actual control input u(t) and the switching signal (t), respectively.
V. CONCLUSION
This paper is devoted to tackle the tracking control issue for uncertain nonlinearly parameterized switching systems with arbitrary switching. Via the Backstepping technique, a new adaptive control scheme is addressed. And simultaneously, with the consideration of Barbalat's Lemma, a Lyapunov function is constructed in common to prove that the tracking accuracy satisfies the performance index given in advance and all signals of the closed-loop control system keep bounded. To the end, the simulation results confirm these properties. In the future, the problem of finite-time control for uncertain nonlinearly switching systems will be considered. 
